###### Strengths and limitations of this study

-   This is the first study with systematic demonstration of plasma levels of 12 ceramide molecules in 2773 Chinese patients with chest pain.

-   Performance of ceramides levels in diagnosing acute coronary syndrome was assessed and validated in multicentre clinical studies.

-   The time of ceramides level elevation after acute coronary syndrome (ACS) occurrence cannot be assessed in the study design.

Introduction {#s1}
============

Acute coronary syndrome (ACS), which includes both myocardial infarction (MI) and unstable angina (UA), is estimated to affect 1.4 million people in the USA and 2.5 million people in China per year.[@R1] However, patients with acute chest pain suggestive of ACS present with a heterogeneous array of conditions, including both non-ischaemic and ischaemic chest pain.[@R3] Only 17% of these are finally diagnosed as ACS caused by atherosclerotic and ischaemic heart disease.[@R3]

The likelihood of ACS in patients with chest pain is estimated via the entire clinical picture, including symptoms and physical examination findings, disease history, ECG changes and biomarkers results. Among biomarkers, cardiac troponins play a central role in establishing a diagnosis and stratifying risk. Troponins are more specific and sensitive than the traditional cardiac enzymes such as creatine kinase (CK), its isoenzyme MB (CK-MB) and myoglobin.[@R4] However, there has been an increasing recognition of other biomarkers recently.[@R5] Considerable effort has been made to improve the multibiomarker-based evaluation and management of ACS. Altered lipid metabolism associated with inflammation and oxidative stress initiates the pathological changes, including the formation of lipid-laden foam cells and the necrotic lipid core of unstable plaque.[@R6] As many lipid types are essential in atherogenesis, they should be used for ACS prediction.[@R6]

Ceramides are a family of lipid molecules that are found in high concentrations within cell membranes and play a key role in a variety of physiological functions including apoptosis, cell growth, cell adhesion and plasma membrane integrity maintenance.[@R8] All tissues can synthesise ceramides de novo from saturated fats and sphingosine.[@R9] However, lesional low-density lipoprotein (LDL) is known to be rich in ceramide in the atherosclerotic plaque, and it contains 10-fold to 50-fold higher content of ceramide when compared with plasma LDL.[@R10] An arterial-wall sphingomyelinase (SMase) hydrolyzes the sphingomyelin of retained LDL.[@R10] Plasma ceramide (d18:1/16:0) is associated with the fraction of necrotic core tissue and lipid core burden in coronary atherosclerosis.[@R11] Inflammatory cytokine tumour necrosis factor alpha was shown to induce the production of ceramide in vascular endothelial cells,[@R12] via the activation of SMase, accompanied by reactive oxygen species production.[@R14] High content of oxidised LDL in the plaque is capable of activating precursors to matrix metallopeptidase 2, propagating the signalling of the ceramide pathway by activation of SMase.[@R15] These findings suggest abnormal regulation of ceramides might be related to plaque instability and triggering of ACS.

Previous clinical research found that circulating ceramides are elevated in patients with hypertension,[@R16] obesity[@R17] and type II diabetes mellitus.[@R18] Ceramides ratio levels such as Cer(d18:1/16:0)/Cer(d18:1/24:0) ratio, Cer(d18:1/18:0)/Cer(d18:1/24:0) ratio and Cer(d18:1/24:1)/Cer(d18:1/24:0) ratio were proposed as useful biomarkers for cardiovascular death (CV death) prediction, as assessed by three independent coronary artery disease (CAD) cohorts.[@R19]

Although several studies have shown plasma levels of specific ceramide molecules are correlated with diagnosis of patients with cardiac events, no studies to date have evaluated the role of these ceramide molecules in detecting ACS from patients with chest pain. In this study, we aim to assess the value of ceramides in detection of ACS in patients with chest pain and whether a combination of ceramides and troponin could improve the diagnostic power.

Methods {#s2}
=======

Study design and participants {#s2a}
-----------------------------

This is a prospective observational study involving four University-affiliated hospitals in Shanghai, China. A total of 2990 patients with chest pain were consecutively recruited in chest pain outpatient during Monday to Friday between August 2016 and October 2017, and 2773 patients were finally admitted to wards of cardiology after prescreening by the exclusion criteria. Sample size calculation is shown in Supplementary File. Patients were eligible if they were aged ≥18 and ≤80 years, presented with signs and symptoms of chest pain and agreed to participate in this study. The exclusion criteria were pregnant women, organ transplant patients, patients suffering from bleeding disorders, patients with neoplasms with a life expectancy \<1 year, chronic kidney disease (estimated glomerular filtration rate \<60 mL/min/1.73 m^2^) and patients with a clear non-cardiac chest pain. A flowchart describing the inclusion and exclusion process is shown in [figure 1](#F1){ref-type="fig"}. Full study protocol is provided on request to the corresponding author.

![Flowchart. ACS, acute coronary syndrome; eGFR, estimated glomerular filtration rate.](bmjopen-2018-028211f01){#F1}

The study complies with the Declaration of Helsinki and was approved by the Ethics Committee of Zhongshan Hospital, the Ethics Committee of Tongji Hospital, the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital and the Ethics Committee of Minhang Hospital. Written informed consent was obtained from all participants.

Clinical and laboratory data {#s2b}
----------------------------

Clinical history, physical examination findings and blood tests including renal and liver functions, C reactive protein (CRP), D-dimer and high-sensitive cardiac troponin T (hs-cTnT; Roche) levels, ECG, coronary angiogram and echocardiogram findings were recorded in all patients. Troponin levels were measured by electrochemiluminescence method using hs-cTnT assay (Roche Diagnostics) on Roche Cobas e601. The coefficient of variation in the hs-cTnT assay is ≤10% at the cut-off value of 13 ng/L. The 99 percentile upper reference limit of hs-cTnT assay is 14 ng/L. Besides, the assay also has a limit of blank of 3 ng/L and a limit of detection of 5 ng/L, and the analytical range is 3--10 000 ng/L. Regular blood lipid tests were conducted using standard methods. Specifically, total cholesterol (TC) was measured by enzymatic cholesterol method using cholesterol oxidase/peroxidase aminophenazone reagent, while total triglyceride (TG) was measured by glycerol-3-phosphate oxidase/peroxidase anti-peroxidase method. LDL cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) were measured by homogenous polyethylene glycol modification enzyme method. Other blood biomedical assay of apolipoprotein (AI, AII, B and E), lipoprotein (a) and lipoprotein-associated phospholipase were performed by immune transmission turbidity method. Performers of the above tests were blinded to the diagnosis of diseases. The detection limit, analytical range and reference interval or decision limit are summarised in online [supplementary table 1](#SP1){ref-type="supplementary-material"}.
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Diagnosis of ACS {#s2c}
----------------

The diagnosis of ACS including UA, non-ST segment elevation MI (NSTEMI) and ST-segment elevation MI (STEMI) was made by two independent cardiologists by reviewing all patients' notes, including symptoms, 12-lead ECG and blood tests results according to the 2014 American Heart Association/American College of Cardiology guidelines and international definition of MI version 3. Type 1 and type 2 MI were both included.[@R20] The agreement level and kappa value between the two cardiologists were 0.99 and 0.98. The cases where the two cardiologists disagreed were reviewed by a senior cardiologist. All the cardiologists were blinded to ceramide levels. Cardiac chest pain with persistent ECG findings of elevation in the ST segment indicate STEMI. Cardiac chest pain and elevations in troponins levels without ST-elevation indicate NSTEMI. Those with presence of one or more of three principal ischaemic symptoms ((1) rest angina (lasting \>20 min), (2) new-onset (\<2 months previously) severe angina and (3) a crescendo pattern of occurrence (increasing in intensity, duration, frequency or any combination of these factors)) without elevations in cardiac troponins are defined as UA.[@R5] Participants were diagnosed with ACS when there is evidence of UA, NSTEMI or STEMI.

Quantification of plasma ceramides {#s2d}
----------------------------------

Potential ceramides were generated from previous untargeted and targeted ceramide profile studies.[@R22] Analyses of 12 plasma ceramides were performed using a Waters Xevo TQ-S mass spectrometer (Manchester, UK) equipped with Waters Acuity UPLC I-Class (Milford, Massachusetts, USA) in a hospital and Qlife lab collaborative laboratory based in Department of Cardiology. The mass spectrometry was operated in multiple-reaction monitoring mode with electro spray ionisation interface (ESI)-positive ionisation. The capillary voltage was set at 3.0 kV, and the source temperature was 120℃. The desolvation temperature and gas flow were 400℃ and 800 L/h, respectively. The source offset was maintained at 60 V.

Blood samples for ceramides test were collected and centrifuged using EDTA anticoagulation tube at admission. Plasma were immediately stored in −80℃ for future analysis. Ceramides tests were taken immediately after samples of all patients were collected. Before analysis, the samples were thawed at room temperature, then a volume of 800 µL of protein precipitation solution (isopropanol) that containing D7-Cer d18:1/16:0 (0.01 pmol/µL), D7-Cer d18:1/18:0 (0.005 pmol/µL), D7-Cer d18:1/24:0 (0.015 pmol/µL) and D7-Cer d18:1/24:1 (0.015 pmol/µL) was pipetted into 1.5 mL Eppendorf tube after addition of 50 µL of plasma sample. The mixture was thoroughly vortexed for 10 min followed by 5-min centrifugation at 14 000 rpm. Supernatant (70 µL) was collected for liquid chromatography--mass spectrometry (LC/MS/MS) analysis. Ceramides ratios were calculated using Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1(15Z)) and Cer(d18:1/24:0).[@R23] Lab technicians who were in charge of ceramides test were blinded to disease diagnosis.

Statistical methods {#s2e}
-------------------

Continuous variables are summarised as mean (SD) or median (IQR) and categorical data as count (percentage). Student's t-test, Mann-Whitney U and Wilcoxon signed rank tests were used to test differences in continuous variables where appropriate, and χ^2^ test was used for proportions. Univariate logistic regression was used to analyse the association of each variable and binary outcome. Multivariable logistic regression analyses were undertaken to identify the demographic, clinical and laboratory factors associated with ACS in patients with chest pain after adjusting for potential confounders, and the final models included variables significantly associated with ACS.

Training and validation cohorts were developed via a 10-fold cross-validation approach repeated 10 times.[@R24] The estimate of prediction error is almost unbiased under 10-fold cross-validation. Repeated 10 times that minimise the cross-validated error is then used to build the final model.[@R25] The performance and discrimination ability of the five models were assessed using the area under the receiver operating curve (AUROC) and net reclassification index (NRI). ROC curves and NRI values were compared among models in training and validation datasets.

All tests were two-tailed, and p values \<0.05 were considered statistically significant. OR with 95% CIs for the chosen clinical and laboratory variables in the logistic regression models, and AUROC and NRI values with 95% CIs for different test datasets were calculated. Statistical analyses were done with statistical software R V.3.4.3.

Patient and public involvement {#s2f}
------------------------------

This study was conducted without patient and public involvement.

Results {#s3}
=======

Demographics, lipid profiles and laboratory findings of patients {#s3a}
----------------------------------------------------------------

The demographics, clinical and laboratory findings of all participants are reported in [table 1](#T1){ref-type="table"}. Serial troponin levels were measured at 0--3 h after admission in all recruited patients, and all patients underwent echocardiography and coronary angiography. In 2773 patients with chest pain, 354 (12.8%) were diagnosed with ACS, among whom 116 (4.2%) were UA, 114 (4.1%) were NSTEMI and 124 (4.5%) were STEMI. All 116 patients with UA had a significant stenosis on coronary angiography. Compared with those without ACS, patients with ACS are more likely to be men (73.44% vs 67.57%), to be current smokers (31.35% vs 21.62%) and to have hypertension (68.92% vs 62.00%). Lipid profiles and lipoproteins including TG, TC, LDL-C, ApoB, ApoE and lipoprotein(a) (Lp(a)) were significantly elevated in patients diagnosed with ACS, while HDL-C and apolipoprotein A1 (ApoA1) were significantly lower in ACS patients (all p\<0.001, except for Lp(a), p=0.023). CRP and cardiac damage markers including hs-cTnT and N-terminal pro-brain natriuretic peptide (NTproBNP) levels were significantly higher in ACS patients (all p\<0.001). Demographics, lipid profiles and laboratory findings of patients diagnosed with STEMI, NSTEMI and UA were also reported in online [supplementary table 2](#SP1){ref-type="supplementary-material"}.

###### 

Demographics, clinical and laboratory findings of included patients in total cohort

  Variables               Total cohort (n=2773)   non-ACS (n=2419)      ACS (n=354)             P value
  ----------------------- ----------------------- --------------------- ----------------------- ---------
  Age (years)             63.5 (9.6)              63.4 (9.4)            63.8 (10.6)             0.515
  Male, n (%)             1894 (68.3)             1634 (67.6)           260 (73.4)              0.031
  Diabetes, n (%)         689 (24.8)              600 (24.8)            89 (25.1)               0.943
  Hypertension, n (%)     1744 (62.9)             1500 (62.0)           244 (68.9)              0.014
  Current smoker, n (%)   634 (22.9)              523 (21.6)            111 (31.4)              \<0.001
  TG (mmol/L)             1.46 (1.03--2.10)       1.43 (1.01--2.07)     1.61 (1.16--2.23)       \<0.001
  TC (mmol/L)             3.78 (3.17--4.59)       3.74 (3.13--4.49)     4.28 (3.51--5.01)       \<0.001
  HDL-C (mmol/L)          1.09 (0.90--1.30)       1.09 (0.91--1.31)     1.01 (0.88--1.23)       \<0.001
  LDL-C (mmol/L)          1.93 (1.40--2.61)       1.88 (1.36--2.53)     2.42 (1.77--3.08)       \<0.001
  ApoA1 (g/L)             1.32 (1.16--1.51)       1.33 (1.17--1.52)     1.24 (1.08--1.43)       \<0.001
  ApoB (g/L)              0.73 (0.58--0.91)       0.72 (0.57--0.89)     0.84 (0.67--1.03)       \<0.001
  ApoE (mg/L)             38.0 (30.0--47.0)       37.0 (30.0--46.4)     41.0 (32.0--51.0)       \<0.001
  Lp(a) (mg/L)            125.0 (53.0--290.3)     123.0 (51.0--282.0)   152.0 (65.0--329.0)     0.023
  NTproBNP (ng/L)         100.0 (44.7--268.1)     87.4 (42.3--220.3)    364.1 (113.4--1264.0)   \<0.001
  CRP (mg/L)              1.7 (0.7--5.5)          1.5 (0.6--4.8)        5.4 (1.8--13.9)         \<0.001
  hs-cTnT (ng/L)          9 (5--16)               8 (5--13)             71 (11--474)            \<0.001

Data are median (IQR) or count (percentage).

P value for the difference between patients diagnosed as ACS and non-ACS.

ACS, **acute coronary syndrome** ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; ApoE, apolipoprotein E; CRP, C reactive protein; HDL-C, high-density lipoprotein cholesterol; hs-cTnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein cholesterol; LP(a), lipoprotein(a); NTproBNP, N-terminal pro-brain natriuretic peptide; TC, total cholesterol; TG, triglyceride.

Plasma ceramides levels in ACS patients {#s3b}
---------------------------------------

[Table 2](#T2){ref-type="table"} presents the levels of 12 ceramides molecules in patients with and without ACS. The levels of 12 ceramide molecules (Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0), Cer(d18:1/24:1(15Z)), Cer(d18:1/14:0), Cer(d18:1/20:0), Cer(d18:1/22:0), Cer(d18:0/16:0), Cer(d18:0/18:0), Cer(d18:0/24:0), Cer(d18:0/24:1(15Z)) and Cer(d18:1/24:1)) were all significantly elevated in patients with ACS compared with those without (all p\<0.001, except for Cer(d18:1/24:0), p=0.028; [table 2](#T2){ref-type="table"}). In addition, three ceramide ratios (Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0)) were also significantly increased in ACS patients with all p values \<0.001. In patients diagnosed with UA and NSTEMI, levels of ceramides and ceramide ratios were also significantly higher compared with patients diagnosed with non-ACS (see online [supplementary table 3](#SP1){ref-type="supplementary-material"}).

###### 

Plasma levels of ceramides molecules and ratios in total cohort and by ACS status

  Ceramides (μmol/L)                      Total cohort (n=2773)     non-ACS (n=2419)          ACS (n=354)               P value
  --------------------------------------- ------------------------- ------------------------- ------------------------- ---------
  Cer(d18:1/16:0)                         0.203 (0.165--0.248)      0.198 (0.162--0.241)      0.237 (0.203--0.286)      \<0.001
  Cer(d18:1/18:0)                         0.051 (0.037--0.069)      0.049 (0.036--0.065)      0.068 (0.051--0.084)      \<0.001
  Cer(d18:1/24:0)                         2.065 (1.607--2.680)      2.053 (1.592--2.672)      2.164 (1.675--2.757)      0.028
  Cer(d18:1/24:1(15Z))                    0.583 (0.448--0.767)      0.569 (0.436--0.739)      0.730 (0.557--0.950)      \<0.001
  Cer(d18:1/14:0)                         0.0027 (0.0020--0.0036)   0.0027 (0.0020--0.0035)   0.0030 (0.0024--0.0040)   \<0.001
  Cer(d18:1/20:0)                         0.053 (0.040--0.067)      0.051 (0.039--0.065)      0.063 (0.051--0.078)      \<0.001
  Cer(d18:1/22:0)                         0.381 (0.300--0.490)      0.375 (0.294--0.480)      0.416 (0.336--0.540)      \<0.001
  Cer(d18:0/16:0)                         0.010 (0.007--0.014)      0.010 (0.007--0.013)      0.011 (0.008--0.015)      \<0.001
  Cer(d18:0/18:0)                         0.005 (0.003--0.008)      0.005 (0.003--0.007)      0.007 (0.004--0.011)      \<0.001
  Cer(d18:0/24:0)                         0.061 (0.042--0.086)      0.060 (0.042--0.086)      0.068 (0.048--0.094)      \<0.001
  Cer(d18:0/24:1(15Z))                    0.029 (0.020--0.044)      0.028 (0.019--0.041)      0.040 (0.026--0.058)      \<0.001
  Cer(d18:1/24:1)                         0.262 (0.195--0.375)      0.258 (0.192--0.372)      0.298 (0.221--0.386)      \<0.001
  Ceramides ratio                                                                                                       
   Cer(d18:1/16:0)/Cer(d18:1/24:0)        0.096 (0.080--0.116)      0.095 (0.079--0.114)      0.107 (0.090--0.132)      \<0.001
   Cer(d18:1/18:0)/Cer(d18:1/24:0)        0.024 (0.019--0.032)      0.023 (0.018--0.031)      0.031 (0.023--0.039)      \<0.001
   Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0)   0.269 (0.214--0.360)      0.261 (0.211--0.345)      0.321 (0.253--0.426)      \<0.001

Data are median (IQR).

P value for the difference between patients diagnosed as ACS and non-ACS.

ACS, acute coronary syndrome.

Association between plasma ceramides and traditional and cardiac damage markers {#s3c}
-------------------------------------------------------------------------------

The associations between plasma ceramides with traditional ACS risk factors and cardiac markers for myocardial injury are shown in online [supplementary table 4](#SP1){ref-type="supplementary-material"}. Most of the 12 ceramide molecules and ceramide ratios were moderately correlated with lipid profiles including TG, TC, LDL-C, ApoB and ApoE, while CRP was shown to be weakly correlated with ceramides. There was no significant correlation between ceramides and myocardial damage markers including hs-cTnT and NTproBNP.

Clinical predictors and multivariable models for ACS {#s3d}
----------------------------------------------------

Clinical predictors for ACS were identified in univariate logistic regression analysis and are shown in [table 3](#T3){ref-type="table"}. Being male, having hypertension and being current smoker were significantly associated with ACS (p\<0.05). Besides, most of the lipid profile (TG, TC, HDL-C, LDL-C, ApoA1 and ApoB) were significantly associated with ACS (all p\<0.001). Also, increased levels of hs-cTnT (OR and 95% CI: 2.45 (2.23 to 2.70)), NTproBNP (1.73 (1.60 to 1.87)) and CRP (1.73 (1.58 to 1.90)) were significantly associated with ACS. Furthermore, all 12 ceramides levels and three ceramides ratios were significantly associated with ACS with all p\<0.001 except Cer(d18:1/24:0) with p=0.025 ([table 3](#T3){ref-type="table"}).

###### 

Univariate logistic regression showing significant predictors of ACS in patients with chest pain

  Variables                                Total cohort (n=2773)   
  ---------------------------------------- ----------------------- ---------
  Age                                      1.00 (0.99 to 1.02)     0.476
  Gender                                   1.33 (1.04 to 1.71)     0.027
  Diabetes                                 1.02 (0.78 to 1.31)     0.890
  Hypertension                             1.36 (1.07 to 1.73)     0.012
  Current smoker                           1.66 (1.29 to 2.11)     \<0.001
  TG\*                                     1.40 (1.15 to 1.70)     \<0.001
  TC\*                                     5.17 (3.30 to 8.15)     \<0.001
  HDL-C\*                                  0.44 (0.30 to 0.66)     \<0.001
  LDL-C\*                                  3.14 (2.37 to 4.17)     \<0.001
  ApoA1\*                                  0.17 (0.09 to 0.29)     \<0.001
  ApoB\*                                   2.83 (2.05 to 4.01)     \<0.001
  ApoE\*                                   0.93 (0.76 to 1.17)     0.534
  Lp(a)\*                                  1.10 (1.00 to 1.21)     0.055
  NTproBNP\*                               1.73 (1.61 to 1.88)     \<0.001
  CRP\*                                    1.74 (1.59 to 1.90)     \<0.001
  hs-cTnT\*                                2.45 (2.24 to 2.70)     \<0.001
  Cer(d18:1/16:0)\*                        7.53 (5.11 to 11.17)    \<0.001
  Cer(d18:1/18:0)\*                        4.67 (3.55 to 6.17)     \<0.001
  Cer(d18:1/24:0)\*                        1.41 (1.05 to 1.90)     0.025
  Cer(d18:1/24:1(15Z))\*                   5.09 (3.79 to 6.87)     \<0.001
  Cer(d18:1/14:0)\*                        2.04 (1.59 to 2.62)     \<0.001
  Cer(d18:1/20:0)\*                        4.55 (3.35 to 6.22)     \<0.001
  Cer(d18:1/22:0)\*                        2.36 (1.75 to 3.18)     \<0.001
  Cer(d18:0/16:0)\*                        2.02 (1.61 to 2.55)     \<0.001
  Cer(d18:0/18:0)\*                        2.26 (1.92 to 2.66)     \<0.001
  Cer(d18:0/24:0)\*                        1.49 (1.21 to 1.84)     \<0.001
  Cer(d18:0/24:1(15Z))\*                   2.73 (2.24 to 3.33)     \<0.001
  Cer(d18:1/24:1)\*                        1.57 (1.26 to 1.96)     \<0.001
  Cer(d18:1/16:0)/Cer(d18:1/24:0)\*        4.11 (2.87 to 5.89)     \<0.001
  Cer(d18:1/18:0)/Cer(d18:1/24:0)\*        3.84 (2.93 to 5.05)     \<0.001
  Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0)\*   2.63 (2.08 to 3.34)     \<0.001

Data are OR (95% CI).

\*Log transformed before analysis.

ACS, acute coronary syndrome; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; ApoE, apolipoprotein E; Cer, ceramides; CRP, C reactive protein; HDL-C, high-density lipoprotein cholesterol; hs-cTnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein cholesterol; LP(a), lipoprotein(a); NTproBNP, N-terminal pro-brain natriuretic peptide; TC, total cholesterol; TG, triglyceride.

Multivariable logistic regression analysing independently significant predictors of ACS are shown in [table 4](#T4){ref-type="table"}. Model 1 included traditional risk factors such as hypertension, current smoker, CRP, LDL-C and NTproBNP (all p\<0.001 except for hypertension p=0.033). Model 2 only included hs-cTnT (2.454 (2.239 to 2.701), p\<0.001). Model 3 included traditional risk factors and hs-cTnT. Current smoker, CRP, LDL-C, NTproBNP as well as hs-cTnT were independently significant in detecting patients with ACS. Model 4 included traditional risk factors and ceramides levels, with OR (95% CI) of Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0): 2.960 (2.156 to 4.072), Cer(d18:1/14:0): 1.439 (1.007 to 2.062) and Cer(d18:1/22:0): 2.079 (1.315 to 3.288). Model 5 included traditional risk factors, hs-cTnT (2.190, (1.939 to 2.485)) and ceramides levels (Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0): 4.455 (3.112 to 6.396), Cer(d18:1/14:0): 1.73 (1.166 to 2.605) and Cer(d18:1/22:0): 2.301 (1.371 to 3.866), all p\<0.01). Ceramides were shown to be independently associated with ACS after adjusting for traditional factors and hs-cTnT.

###### 

Multivariable logistic regression showing significant predictors of ACS in patients with chest pain after adjustment for conventional risk factors

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Baseline variables       Model 1                     Model 2                     Model 3                     Model 4                     Model 5
  ------------------------ --------------------------- --------------------------- --------------------------- --------------------------- ---------------------------
  Hypertension             1.37 (1.03 to 1.83)\*       ---                         1.35 (0.98 to 1.87)         1.41 (1.06 to 1.90)\*       1.40 (1.01 to 1.96)\*

  Current smoker           1.93 (1.43 to 2.58)\*\*\*   ---                         1.52 (1.09 to 2.10)\*       1.99 (1.47 to 2.69)\*\*\*   1.58 (1.12 to 2.21)\*\*

  LDL-C†                   2.63 (1.91 to 3.64)\*\*\*   ---                         2.01 (1.42 to 2.87)\*\*\*   2.13 (1.51 to 3.04)\*\*\*   1.64 (1.12 to 2.41)\*

  CRP†                     1.40 (1.27 to 1.55)\*\*\*   ---                         1.20 (1.07 to 1.34)\*\*     1.38 (1.25 to 1.53)\*\*\*   1.16 (1.03 to 1.31)\*

  NTproBNP†                1.63 (1.49 to 1.78)\*\*\*   ---                         1.16 (1.04 to 1.29)\*\*     1.57 (1.44 to 1.72)\*\*\*   1.07 (0.95 to 1.19)

  hs-cTnT†                 ---                         2.45 (2.24 to 2.70)\*\*\*   2.02 (1.80 to 2.27)\*\*\*   ---                         2.19 (1.94 to 2.49)\*\*\*

  Cer(d18:1/24:1(15Z))/\   ---                         ---                         ---                         2.96 (2.16 to 4.07)\*\*\*   4.46 (3.11 to 6.40)\*\*\*
  Cer(d18:1/24:0)†                                                                                                                         

  Cer(d18:1/14:0)†         ---                         ---                         ---                         1.44 (1.01 to 2.06)\*       1.74 (1.17 to 2.61)\*\*

  Cer(d18:1/22:0)†         ---                         ---                         ---                         2.08 (1.32 to 3.29)\*\*     2.30 (1.37 to 3.87)\*\*
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------

Data are OR (95% CI).

Model 1. Included traditional risk factors (hypertension, current smoker, LDL-C, CRP and NTproBNP levels).

Model 2. Only Included hs-cTnT.

Model 3. Included traditional risk factors and hs-cTnT.

Model 4. Included traditional risk factors and ceramides.

Model 5. Included traditional risk factors, hs-cTnT and ceramides.

\*P\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

†Log transformed before analysis.

ACS, acute coronary syndrome; Cer, ceramides; CRP, C reactive protein; hs-cTnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein cholesterol; NTproBNP, N-terminal pro-brain natriuretic peptide.

Discrimination and reclassification of ACS with various multivariable logistic regression models {#s3e}
------------------------------------------------------------------------------------------------

As shown in [table 5](#T5){ref-type="table"}, the model including traditional factors (hypertension, current smoker, LDL-C, CRP and NT-proBNP level) had an area under the curve (AUC) of 0.780 (0.750 to 0.811) in diagnosing ACS. AUC of hs-cTnT in predicting ACS was 0.800 (0.767 to 0.833). After combining traditional factors and hs-cTnT, the AUC became 0.808 (0.776 to 0.841) ([figure 2A](#F2){ref-type="fig"}). The AUC of model including traditional factors and ceramides was 0.811 (0.784 to 0.837). Notably, when combining traditional factors, hs-cTnT and ceramides, the AUC of the model rose to 0.865 (0.840 to 0.889) ([figure 2B](#F2){ref-type="fig"}). We also compared discrimination and reclassification power of these models. Results showed that ceramides significantly improved the AUC of the model with traditional factors and hs-cTnT (0.865 (0.840 to 0.889) vs 0.808 (0.776 to 0.841), p\<0.001). NRI analyses also showed that the model including traditional factors and hs-cTnT was significantly improved by the inclusion of ceramides (NRI=0.511 (0.388 to 0.635), p\<0.001).

###### 

Discrimination and reclassification of ACS with various multivariable logistic regression models

  Old model                        New model     AUC (95% CI)              P value-AUC   NRI (95% CI)              P value-NRI
  -------------------------------- ------------- ------------------------- ------------- ------------------------- -------------
  Traditional factors\*            \-            0.78 (0.75 to 0.81)       \-            \-                        \-
  hs-cTnT                          \-            0.80 (0.77 to 0.83)       \-            \-                        \-
  Traditional factors\*            +hs-cTnT      0.81 (0.78 to 0.84)       0.220         **0.52 (0.40 to 0.64)**   **\<0.001**
  Traditional factors\*            +Ceramides†   **0.81 (0.78 to 0.84)**   **\<0.001**   **0.35 (0.23 to 0.47)**   **\<0.001**
  Traditional factors\* +hs-cTnT   +Ceramides†   **0.87 (0.84 to 0.89)**   **\<0.001**   **0.51 (0.39 to 0.64)**   **\<0.001**

P values AUC and p values NRI are for the difference between old models and new models. Bold used to highlight those p values \<0.05.

\*Traditional risk factors include hypertension, current smoker, LDL-C, CRP and NTproBNP levels.

†Ceramides include Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0), Cer(d18:1/14:0) and Cer(d18:1/22:0).

LDL-C, CRP, NT-proBNP, hs-cTnT and ceramides levels are log transformed before analysis.

ACS, acute coronary syndrome; CRP, C reactive protein; hs-cTnT, high-sensitivity cardiac troponin T; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide.

![Receiver operating characteristic (ROC) curves of multivariable models for the discrimination of ACS. (A) Traditional risk factors (hypertension, current smoker, LDL-C, CRP and NT-proBNP) and high-sensitive troponin are included in the model. (B) Traditional risk factors (hypertension, current smoker, LDL-C, CRP and NT-proBNP), high-sensitive troponin, Cer(d18:1/14:0), Cer(d18:1/22:0) and Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0) are included in the model. ACS, acute coronary syndrome; AUC, area under the curve; CRP, C reactive protein; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide.](bmjopen-2018-028211f02){#F2}

Discussion {#s4}
==========

In this study of 2773 Chinese patients with chest pain from four hospitals in Shanghai, China, levels of 12 ceramides were systematically evaluated together with that of traditional risk factors and high-sensitive troponin. Ceramides and their ratios were shown to be independent predictors of ACS in patients with chest pain after adjustment for traditional risk factors (eg, age, sex, body mass index, smoking status and blood cholesterol) and cardiac damage biomarkers (ie, high-sensitive troponin). The proposed model with ceramides showed substantial promise and improved value as a risk evaluation tool for ACS with improved performance on model discrimination and reclassification. With targeted LC/MS/MS-based lipidomic approach, we have successfully established the characteristics of cardiac risk-related ceramides from 2773 Chinese patients with chest pain and confirmed our hypothesis that plasma levels of ceramide subspecies correlate with atherosclerotic plaque instability and hence might be used as lipidomic markers for ACS.

This is to our knowledge the first study with systematic demonstration of plasma levels of 12 ceramide molecules in a Chinese population. Also, the selection of two ceramide molecules and one ceramide ratio as potential biomarkers for ACS has not been reported before. Although our ceramides-based diagnostic model showed great potential in identifying ACS among patients with chest pain, its clinical utility especially regarding rule-in and rule-out strategies and performances still need to be further investigated and validated to make it fully applicable in clinical settings. We were also restricted for not measuring ceramides levels in a serial pattern and lacking information about the relationships between ceramides levels and time from the onset of ACS. The study was possibly also limited by a potential selection bias for patients with higher risk of ACS during recruitment process from admitted patients rather than patients in emergency departments. In addition, the results found in our study need to be validated in independent external cohorts. An improvement in the test technique of ceramides, including standardisation of test protocol and automated pretreatment of samples, is also needed to fulfil the requirement of clinical practice.

Our findings of two ceramides molecules (Cer(d18:1/14:0), Cer(d18:1/22:0)) and one ceramide ratio(Cer(d18:1/24:1(15Z))/Cer(d18:1/24:0)) as diagnostic biomarkers for ACS among patients with suspected symptoms have never been reported before. In addition, only relatively modest correlations between ceramides and lipid profiles including TG, TC, LDL-C, ApoB and ApoE were detected, and there was no significant correlation between ceramides with hs-cTnT, NT-proBNP and CRP levels, suggesting that the diagnostic value of ceramides for ACS might be independent of the above laboratory variables. Moreover, AUROC of multivariable models showed significant improvement of ceramides on traditional risk factors and high-sensitive troponin T. This result provides evidence that distinct ceramide species serve as independent predictors for the risk of ACS, in addition to conventional blood biomarkers such as HDL-C and CRP levels. Ceramides measurement in high-throughput quality-controlled environments is straightforward.[@R19] By setting up clinical laboratories equipped with robotised sample handling systems and mass spectrometry equipment, it would be feasible to identify patients with chest pain at high cardiovascular risk using our ceramides-based diagnostic model.[@R19]

Previous clinical research found that elevated ceramide plasma concentrations are associated with coronary plaque vulnerability evaluated by intravascular ultrasound virtual histology and near-infrared spectroscopy.[@R11] Untargeted lipidomic analyses have identified CAD risk--related ceramide molecules (Cer(d18:1/16:0), Cer(d18:1/18:0) and Cer(d18:1/24:1)) and their ratios with Cer(d18:1/24:0) as potential risk stratifiers for CAD patients.[@R22] A previous study applying ceramides to the prediction of CV death from patients with CAD showed that ceramides, independent of other lipid markers and CRP, were significantly associated with CV death.[@R19] In a recent study including 495 participants with coronary angiography and followed up for 18 years, ceramides were not associated with CAD but were independently associated with major adverse cardiovascular events.[@R23] A weighted sum of ceramides including Cer22:0 and Cer24:1 was also reported to be associated with a 2.18-fold higher risk of cardiovascular disease, which was similar with our results.[@R27] Recent studies showed targeted profiling of ceramides predicted short-term and long-term major adverse cardiac events.[@R28] Moreover, a consistent increase in ceramide levels and overexpression of three enzymes in ceramide biosynthesis were found on rat ischaemic myocardium, which is consistent with the elevated plasma levels of ceramides found in our cohort.[@R29] Nevertheless, no study has identified the diagnostic value of ceramides in patients with chest pain, while we develop models with lipidomic markers for ACS with additional value on conventional factors and troponin.

Currently, the standard process for the diagnostic assessment of ACS in patients with suspected symptoms relies on clinical evaluation and high-sensitive troponin tests.[@R4] However, high-sensitive troponin assays identify a larger number of patients with elevated troponin results but without a final diagnosis of ACS, making interpretation of test results challenging.[@R30] The adoption of highly sensitive assays for ACS detection should be accompanied by serial tests and implementation of algorithms, leading to a longer period of observation.[@R31] In the current settings of Chinese hospitals, self-paying patients with chest pain tend to be overprescribed by cardiologists with invasive and expensive tests such as coronary angiography. Noteworthily, ceramides levels of patients with UA are higher than those without ACS, which indicates that ceramides may help in identifying patients with UA and higher risk of ACS from populations without significant elevation of cardiac troponins. Moreover, ceramides levels were higher in NSTEMI patients compared with non-ACS ones, indicating a possible role of ceramides in distinguishing between patients with elevated troponins caused by ACS or non-ACS conditions. Nevertheless, the potential roles of ceramides in clinical diagnosis of UA and NSTEMI need further independent investigation and validation.

In conclusion, we have identified ceramides as independent biomarkers associated with ACS and developed a ceramides-based model to evaluate ACS risk among patients with chest pain. The model showed good model discrimination and net reclassification improvement compared with other models. Our study characterises ceramides species in Chinese patients with chest pain and demonstrates that ceramides are of diagnostic value and have the potential for detecting ACS, in addition to currently used lipid markers and high-sensitive troponin.
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